Pore structure and mineral matrix elastic moduli are indispensable in rock physics models. We propose an estimation method of pore structure and mineral moduli based on Kuster-Toksöz model and Biot's coefficient. In this technique, pore aspect ratios of five different scales from 100 to 10 -4 are considered, Biot's coefficient is used to determine bounds of mineral moduli, and an estimation procedure combined with simulated annealing (SA) algorithm to handle real logs or laboratory measurements is developed. The proposed method is applied to parameter estimations on 28 sandstone samples, the properties of which have been measured in lab. The water saturated data are used for estimating pore structure and mineral moduli, and the oil saturated data are used for testing these estimated parameters through fluid substitution in Kuster-Toksöz model. We then compare fluid substitution results with lab measurements and find that relative errors of P-wave and S-wave velocities are all less than 5%, which indicates that the estimation results are accurate.
INTRODUCTION
Reservoir rocks consist of a variety of components, such as minerals, clays, cements, pores, pore fluids, etc. Rock physics models can be used to establish relationships of these physical parameters and dynamic elastic moduli of rocks. Consequently, they can bridge seismic attributes with reservoir parameters. The Gassmann model (Gassmann 1951 ) is a very useful tool to build these relationships by means of fluid substitution. It considers the effects of mineral components, pore fluids, porosity, and dry rock elastic moduli, and seismic velocities. The Gassmann model assumes well connected pores with no isolated pores. The inclusion model (Ament 1953 , Eshelby 1957 , Walsh 1965 , Wu 1966 , Mori and Tanaka 1973 , O'Connell and Budiansky 1974 , Berryman 1980 , Zimmerman 1984 can be used to construct relationships between pore microstructure parameters and dynamic elastic moduli of rocks. The Kuster-Toksöz (KT) model (Kuster and Toksöz 1974) , differential effective medium (DEM) model (Cleary et al. 1980 , Norris et al. 1985 , Zimmerman 1991 , and self-consistent (SC) model (Budiansky 1965 , Hill 1965 are often used to analyze effects of pore shapes and percentages of pore aspect ratios on dynamic elastic moduli of rocks and seismic velocities. Rock physics models have many different parameters, such as lithology, clay content, porosity, fluid saturation, mineral matrix moduli, pore aspect ratio spectrum, etc. If these parameters are unknown or given incorrectly, rock physics models cannot implement fluid substitution and predict velocities. Therefore, many researchers have investigated estimation methods to estimate these rock physics parameters.
Tran proposed a modified DEM velocity estimation scheme to estimate pore aspect ratio spectra on a suite of Berea sandstones (Tran 2008) . Lev Vernik developed empirical relations for estimating pore-shape factors based on the noninteraction approximation with the Mori-Tanaka model (Vernik and Kacanov 2010) . Jensen gave a procedure for estimating the mineral elastic moduli of smectite and kaolinite by using Hashin-Shtrikman upper and lower bounds (Jensen et al. 2011) . Lin et al. developed an estimation method for self-adapting mineral matrix bulk moduli based on Gassmann theory (Lin et al. 2011) . Spikes applied the self-consistent model to estimation of pore aspect ratios for both patchy and uniform fluid saturation in Haynesville Shale. Bakhorji used the DEM model which has a set of pores with low aspect ratios to estimate elastic properties in low porosity sandstones (Bakhorji 2012 ). Mavko and Saxena developed an embedded-bound method for estimating the change in dynamic bulk moduli upon substitution of solid in the pore space (Mavko and Saxena 2013) . Johansen proposed an inverse rock physics modeling (IRPM) strategy for estimation of lithology and other rock properties from seismic data (Johansen et al. 2013) . Mikhail Markov pro-posed a novel approach for simulating the elastic properties of porous rocks based on the generalized differential effective medium (GDEM) method (Markov et al. 2013) .
The above estimation methods, however, cannot estimate mineral matrix elastic moduli and pore structure simultaneously. In this paper, we propose an estimation method to estimate pore structure and mineral moduli simultaneously based on the KT model and Biot's coefficient. The technique is tested on 28 sandstone samples with high and low porosities. Firstly, pore aspect ratios of five different scales are constructed: 10
, and N 4 u10 -4 , and the initial values of N 1 , N 2 , N 3 , and N 4 are randomly generated. Secondly, Biot's coefficient is used to build relationships among different rock elastic moduli; upper and lower bounds of mineral matrix moduli for all sandstone samples are calculated; and the initial estimated values within the bounds are randomly generated. Finally, simulated annealing (SA), global optimization algorithm (Metropolis et al. 1953) , is used to optimize the randomly generated rock physics parameters until the minimum of two objective functions are reached and the generated parameters remain unchangeable. This leads to estimation of pore structure and mineral moduli of 28 sandstone samples. Comparison of relative errors of P-wave and S-wave velocities between fluid substitution results with lab measurements shows that the relative errors are all less than 5%. Moreover, when only having log data (porosity, bulk density, saturation, P-wave and S-wave velocities), this new estimation method can be directly used to estimate pore aspect ratios spectrum and mineral matrix elastic moduli accurately.
KT model and pore structure
The KT model bridges porosity, pore shape, mineral moduli, and fluid inclusion moduli with P-wave and S-wave velocities. This model assumes a low concentration of the inclusions, and also assumes that all pores are ellipsoidal, which can be described with pore aspect ratios. This parameter is defined by the ratio of short and long axes of the inclusion. The KT model can be written as: 
In Eqs. 1-4, K i and P i , respectively, are bulk moduli and shear moduli of i-th fluid inclusion, and K sat and P sat , respectively, are saturated bulk moduli and saturated shear moduli. c i is the volume fraction of i-th inclusion, and M is the porosity. P mi and Q mi are strain concentration coefficients when adding i-th inclusion in mineral matrix (see Appendix). The coefficients are functions of mineral matrix elastic moduli, K ma and P ma , and aspect ratio. Coefficients P mi and Q mi can be calculated by Wu's arbitrary aspect ratio (Wu 1966 ) and Berryman's 3D special pore types (Berryman 1995) .
The spectrum of pore aspect ratios is the most important parameter in the KT model. Some researchers have studied the spectra of sandstones, limestones, and granites through electron microscope scanning measurements (Timur et al. 1971 , Sprunt and Brace 1974 , Hadley 1975 . Table 1 lists pore aspect ratio spectra of some typical sandstone samples by using SEM electron scanning results (Toksöz et al. 1979) . In Table 1 , D is pore aspect ratio, c(D) is the volume fraction of the pore aspect ratio. Table 1 shows results assuming that there are pore aspect ratios of five different scales for sandstone samples: 10 0 , N 1 u10 -1 , N 2 u10 -2 , N 3 u10 -3 and Table 1 The spectrum of pore aspect ratios of some typical sandstone samples (Toksöz et al. 1976) Name The spectrum of pore aspect ratios Porosity Boise sandstone Į 1 1E-1 3.5E-3 2.8E-3 2.1E-3 1.7E-3 1.3E-3 9E-4 5E-4 0.25 c(Į) 1.877E-1 6.2E-2 3.7E-5 6.1E-5 6.4E-5 1.4E-4 1.1E-4 8.5E-5 6.2E-5 Berea sandstone Į 1 1E-1 1E-2 1.7E-3 1.4E-3 1E-3 6E-4 3E-4 -0.163 c(Į) 1.399E-1 2.2E-2 3.7E-4 1.4E-4 1.4E-4 1.6E-4 1.3E-4 1.1E-4 -Navajo sandstone Į 1 1E-1 1E-2 3.5E-3 2.8E-3 2.1E-3 1.6E-3 1.2E-3 9E-4 0.1614 c(Į) 1.416E-1 2.1E-2 2.4E-4 1.4E-4 2E-4 1.5E-4 1.8E-4 1.4E-4 6.5E-5 N 4 u10 -4 (N 1 , N 2 , N 3 , and N 4 are positive integers which are less than or equal to 10). We use these five pore aspect ratios to describe the pore structure in sandstones. Specifically, D = 10q represents a spherical pore, which is not closed under pressure.
-3 , and D = N 4 u10 -4 are crack pores, which are easily closed under pressure. For example, at P d = 500 bars, all crack pores with aspect ratios smaller than 0.01 are closed (Toksöz et al. 1976) . Table 1 also shows that different pore aspect ratios have different volume fraction values. The crack pores only take a very small part of pore structure (less than 1% in each sandstone). These crack pores are indispensable, because the effect of lithological and porosity variations is minimal compared to the effect of the shape and size of crack pores (Kuster and Toksöz 1974 , Anselmetti and Eberli 1999 , Saleh and Castagna 2004 . A low porosity rock may have more flat pores with low aspect ratios, while a high porosity rock may have more spherical pores with high aspect ratios (Wang 2001 ).
Biot's coefficient and mineral moduli
In rock physics models, the mineral matrix elastic moduli are essential. Although they can be calculated by Voigt-Reuss-Hill (VRH) averaging (Hill 1952) or Hashin-Shtrikman (HS) averaging (Hashin and Shtrikman 1963) , mineral components and their percentages must be known firstly through rock thin section analysis. However, the rock thin section results have some problems:
1) There are a large number of mineral components in rocks. The thin section analysis can only provide contents of the main components. Mineral components with low concentrations cannot be observed. However, these minerals may have large elastic moduli that have significant effects on the overall responses of seismic signals.
2) The thin section analysis gives the average percentages of minerals in the samples. If the results of some mineral components have errors, the VRH averaging will fail.
3) Mineral matrix elastic moduli can be affected by diagenesis, formation pressure, temperature, and lithology. It's not always appropriate to refer and use elastic modulus of a mineral component from Mavko . 4) Sometimes, it is prone to have errors and abnormal results due to relaxed protocols in lab.
Therefore, an effective and accurate method for estimating mineral matrix elastic moduli is needed. In this paper, we use Biot's coefficient which had been discussed by Krief et al. (1990) and Nur et al. (1998) . By building relations between different rock elastic moduli, the upper and lower bounds of mineral matrix bulk modulus and mineral matrix shear modulus can be obtained. Krief et al. (1990) used the sandstone data of Raymer et al. (1980) to find an empirical relation for Biot's coefficient versus porosity:
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These two equations are then transformed:
(3/ ( 1)) (1 )
In rock physics, there are two general relations between mineral matrix elastic moduli and rock elastic moduli:
Thus, when knowing porosity, dynamic rock bulk moduli and shear moduli of saturated sandstones, and using Eqs. 7-10, we get the upper and lower bounds for mineral matrix elastic moduli:
And these two equations are simplified to:
1.3 Objective function in SA The upper and lower bounds only can limit the variation ranges of mineral matrix elastic moduli, but cannot give specific values. Therefore, in this paper, SA method is used to obtain the specific values within the upper and lower bounds of the mineral moduli. To perform the SA calculations, proper objective functions are required. In this new estimation method, the two objective functions can be defined by:
where 'f 1 is the objective function for mineral matrix bulk moduli while 'f 2 is for mineral matrix shear moduli.
obs sat K and obs sat P are bulk moduli and shear moduli, respectively, of the observed data.
KT sat K and KT sat P are bulk moduli and shear moduli, respectively, of the KT model calculation results. The objective functions for both mineral bulk moduli and shear moduli must be less than 1% in order to obtain high precision rock physics parameters in the estimation.
Estimation procedure
Estimating the bulk and shear moduli and pore aspect ratio distribution from velocity and porosity measurements is an underdetermined problem; we solve this problem by implementing a simulated annealing (SA) procedure. The execution of this estimation method consist of three steps ( Fig. 1) :
Step 1: Input P-wave velocity P of saturated sandstones by velocity formula. And then determine bounds of mineral matrix bulk modulus and shear modulus by using Eqs. 13 and 14.
Step 2: Randomly generate ma K and ma P within the bounds and randomly generate N 1 , N 2 , N 3 , N 4 , and percentages of pore aspect ratios: c 1 , c 2 , c 3 , c 4 , c 5 . Use these randomly generated values in KT model to calculate bulk and shear moduli of rock samples. Then compare the calculated results of the rock elastic moduli with lab data and apply SA algorithm to minimize the relative errors to less than 1% by optimizing the corresponding two objective functions 'f 1 and 'f 2 . And judge whether the estimated parameters (mineral moduli and pore aspect ratios spectrum) remain unchangeable or not in the SA iteration process.
Step 3: Repeatedly implement step 2, until the two objective functions reach the minimums (less than 1%) and the estimated parameters remain unchangeable. Finally, output the estimated parameters: pore aspect ratios spectrum and mineral matrix bulk moduli and shear moduli.
EXPERIMENTAL RESULTS
In order to validate this new estimation method, 28 sandstones core samples from a depth of 1446 m to 3496 m are used in simulations. The KT model assumes a low concentration of the inclusions, and our thin section identification results showed that the assumption is met for the experimental sandstones core samples. The experimental measurement procedure of these 28 sandstones core samples includes preparation, washing oil, drying, porosity measurement under pressure at 1.72 MPa, complete water and oil saturation, bulk density measurement (complete water and oil saturated conditions), Pwave velocity and S-wave velocity measurements (complete water and oil saturated conditions). The measurement was processed under the simulated formation temperature and pressure, and the results are shown in Fig. 2 . Figure 2a shows that the porosities of these 28 sandstone samples are from 1.96% to 22.42%. Thus, we can differentiate these sandstone samples between intermediate-low porosity samples (porosity less than 12.36%) and intermediate-high porosity samples (porosity greater than 12.36%). Figure 2b shows that the densities of these 28 sandstone samples are from 2.1 g/cm3 to 2.7 g/cm3, and the water saturated data are larger than the oil saturated data. Figure 2c shows that the P-wave velocities of these 28 sandstone samples are from 3500 m/s to 6000 m/s, and the water saturated data are larger than the oil saturated data. Figure 2d shows that the S-wave velocities of these 28 sandstone samples are from 2000 m/s to 3500 m/s, and the water saturated data are larger than the oil saturated data. Round line is water saturated data, triangle line is oil saturated data. Fig. 3 . The final temperature of every iteration process in the estimation procedures of 28 sandstone samples' parameters. In SA optimization algorithm, the initial temperature and the stop temperature of every iteration process respectively are 2000Ԩ and 0.001Ԩ, and the cooling factor is 0.99.
In SA optimization algorithm, the initial temperature and the stop temperature of every iteration process, respectively, are 2000Ԩ and 0.001Ԩ, and the cooling factor is 0.99, which ensure enough iteration time (the maximum iteration time is 1443) in the estimation procedures. In every iteration process, when the two objective functions are both less than 1% and the estimated parameters remain unchangeable, the final temperature in SA is recorded. Figure 3 is the final temperature of every iteration process in the estimation procedures of 28 sandstone samples' parameters. Figure 3 shows that all samples' final temperatures are less than 0.1 (iteration time is 985), and 9 samples' final temperatures are less than 0.01 (iteration time is 1215). This indicates that the final temperatures of every iteration process in the estimation are stable, and SA optimization algorithm is effective. Figure 4 presents the calculated upper and lower bounds of mineral matrix bulk moduli, mineral matrix shear moduli and the corresponding estimated results. All estimated results are between the upper bounds and lower bounds while a few overlap with the bounds, and the bounds of shear moduli are greater than those of bulk moduli. The mineral elastic moduli are related to the mineralogy of samples, and from Figure 4 we can learn that the mineral constituent of our sandstone samples is various, and there is no clean sandstone sample.
Note that out of 13 samples with porosity less than 12.36%, only for 6 samples the mineral shear moduli are greater than the mineral bulk modulus. In addition, among 15 samples with porosity greater than 12.36%, only 6 samples' mineral shear moduli are greater than mineral bulk moduli. Therefore, for mineral matrix of this sandstone reservoir, bulk moduli are generally greater than shear moduli.
Specifically, for the 13 intermediate-low porosity samples (porosity less than 12.36%), the estimated results of bulk moduli are from 26.5 GPa to 45.9 GPa, and the estimated results of shear moduli are from 27. The estimated results of pore aspect ratios of four different scales for 28 sandstone samples: (a) blue bar is estimated pore aspect ratio for N 1 , red bar is estimated pore aspect ratio for N 2 ; (b) green bar is estimated pore aspect ratio for N 3 , purple bar is estimated pore aspect ratio for N 4 .
than 12.36%), the estimated results of bulk moduli are from 24.1 GPa to 36.6 GPa, and the estimated results of shear moduli are from 19.8 GPa to 38.6 GPa. Figure 5 presents the estimated results of pore aspect ratios of four different scales for 28 sandstone samples. In Figure 5a , blue bar is for the estimated pore aspect ratio for N 1 , red bar is for the estimated pore aspect ratio for N 2 . In Figure 5b , green bar is for the estimated pore aspect ratio for N 3 , and purple bar is for the estimated pore aspect ratio for N 4 . Although there is no significant feature for these estimated pore aspect ratios, it can be carefully seen from Fig. 5 that the estimated pore aspect ratios in intermediate-low porosity samples are a little smaller than those in intermediate-high porosity samples. Figure 6 presents the estimated results of the percentages of pore aspect ratios of five different scales for 28 sandstone samples. In Fig. 6a, dark -4 . The former are less than 10% and the latter are less than 2.2%. It also can be learnt from Fig. 6b that there are more crack pores in the 6 low porosity samples (porosity less than 9.71%) than in the 15 intermediate-high porosity samples (porosity greater than 12.36%).
Thus, in this sandstone reservoir, pore structures of sandstone can mainly be characterized by spherical pores and intergranular pores; although the usage of the crack pores has a very low probability, they should not be neglected, especially in the low porosity sandstone samples.
FLUID SUBSTITUTION TESTING AND DISCUSSION
In order to test reliability and accuracy of the estimated parameters by this estimation method, we put estimated parameters (mineral moduli and pore aspect ratios spectrum of 28 samples) into KT model, change the fluid from water to oil saturated condition, and calculate P-wave and S-wave velocities of these sandstone samples, then compare calculation results with measured data and also calculate relative errors between the KT fluid substitution results and measured data. In the fluid substitution process, bulk modulus and shear modulus of the fluid inclusion are 1.35 GPa and 0 GPa, respectively. dots and round dots coincide in 11 samples. These excellent data matches demonstrate that the estimation results by this new estimation method are reliable and accurate. Figure 7b is a comparison of theoretical data and measured data for oil saturated S-wave velocity. Comparing Fig. 7b with 7a shows that the fitting of S-wave velocity is not as good as that of P-wave velocity. For the 13 samples of intermediate-low porosity, triangle dots and round dots are overlapped in 5 samples. For the 15 samples with intermediate-high porosity, triangle dots and round dots have excellent matches in 5 samples. But it doesn't mean the KT fluid substitution results for oil saturated S-wave velocity have poor fitting with the measured data. We also calculate the relative errors between KT fluid substitution results and measured data:
where R 1 is the calculated relative error for mineral matrix bulk moduli while R 2 is the calculated relative error for mineral matrix shear moduli. Figure 7 shows relative errors between theoretical data (KT fluid substitution results) and measured data. It shows that the relative errors of both Pwave velocities and S-wave velocities of 28 sandstone samples are all less than 5%. It indicates that the estimated mineral moduli and pore aspect ratios spectrum are accurate by this new estimation method. Except for only 2 samples, the relative errors of P-wave velocities are smaller than those of Swave velocities in most 26 sandstone samples. It demonstrates that the estimated results are more appropriate for predicting P-wave rock velocity.
CONCLUSIONS
This paper presents a new method for estimation of pore structure and mineral moduli based on KT model and Biot's coefficient. The new approach chooses pore aspect ratios of five different scales in KT model to construct pore structure of a sandstone reservoir. This avoids the disadvantages in previous studies that consider only one or few pore shapes to simulate pore structure in sandstone. The Biot's coefficient makes full use of relationships between different rock elastic moduli. It can properly determine upper and lower bounds of mineral elastic moduli when only log data are available.
This new estimation method of rock physics parameters can be applied directly to estimation of pore aspect ratios spectrum and mineral matrix moduli, which can help researchers better understand quantitative and nonlinear relations between different rock elastic moduli. The rock parameters estimated by the estimation method not only can perform fluid substitution and velocity prediction, but also can build mathematical physics relations between rock physics parameters (porosity, density, saturation, fluid type, pore shape) and seismic attributes (P-wave velocity, S-wave velocity, wave impedance, amplitude, AVO response). 
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